Although caveolin-1 is expressed in most cell types, caveolin-1 expression is downregulated or absent in oncogenically transformed NIH/3T3 cells and in human cancer cells (5, 14, 15, 25) . Conversely, the overexpression of caveolin-1 blocks anchorage-independent growth of oncogenically transformed cells, indicating that caveolin-1 may act as a suppressor of oncogenic transformation. Moreover, the human caveolin-1 gene is located at a suspected tumor suppressor locus (D7S522; 7q31.1), a known fragile site (FRA7G) that is deleted in many forms of cancer (6, 7) . Thus the downregulation of caveolin-1 expression and caveolar organelles may be critical for maintaining the transformed phenotype.
The potential role of caveolin-1 in cell death remains controversial. Using ceramide as a stimulus, Zundel and colleagues (36) observed that caveolin-1 expression in Rat-1 fibroblasts facilitates ceramide-induced cell death. In contrast, Timme and colleagues (31) showed that caveolin-1 suppresses c-myc-induced apoptosis in LNCaP cells. Thus contradictory evidence has been presented that caveolin-1 is both a facilitator and a suppressor of cell death in different contexts.
We used retrovirus insertion-mediated random mutagenesis to generate tumor necrosis factor-␣ (TNF-␣)-resistant lines from L929 cells. Our results indicate that 1) caveolin-1␣ is required for TNF-␣-induced cell death in L929 cells, 2) the elevated activity of Akt appears to be important for sensitizing caveolin-1␣-expressing cells to TNF-␣, and 3) caveolin-1␣ preferentially sensitizes L929 cells to TNF-␣ through the activation of a phosphatidylinositide 3-kinase (PI3K)/Akt signaling pathway.
MATERIALS AND METHODS
Cell lines, reagents, and antibodies. All cell lines were obtained from the American Type Culture Collection (Rockville, MD) and were cultured under the recommended conditions. TNF-␣ sensitivity was examined in L929 murine fibrosarcoma cells, which exhibited a spontaneous survival rate of Ͻ1 in 10 6 after 48 h of exposure to TNF-␣ at 100 ng/ml. Stable TNF-␣-resistant cell lines derived from L929 cells were established either by retroviral infection or by plasmid transfection with the Lipofect Amine PLUS reagent (GIBCO-BRL). Stably transfected TNF-␣-resistant clones were selected in normal growth medium with the addition of G-418 (1 mg/ml; GIBCO-BRL). Stably transfected HepG2 cells were selected in normal growth medium with the addition of G-418 (1 mg/ml). Cyclohexamide (10 g/ml; Sigma) was added simultaneously when HepG2 cells were treated with TNF-␣. Expression vectors encoding human caveolin-1␣/␤ and caveolin-1␤ were kindly provided by Dr. Toyoshi Fujimoto and Dr. Hiroshi Kogo. The expression vector encoding human caveo-lin-1␣/␤ expresses both caveolin-1␣ and -␤ since it contains sequence for Met-32. The anti-caveolin-1 antibodies used were as follows: rabbit polyclonal anti-caveolin-1 antibody (sc-894; Santa Cruz Biotechnology) and mouse monoclonal anti-caveolin-1 antibody (Clone-2297; Transduction Laboratories).
Retroviral vector construction. The pDisrup retroviral vector was constructed based on the Moloney murine leukemia virus retroviral vector pLNCX backbone, as described previously (24) .
Retroviral production and cell infection. pDisrup recombinant retrovirus was generated in Phoenix Amphotropic producer cells using the calcium phosphate method of transfection (21) . Viruses were produced at 32°C, and virus-containing medium was collected 24 h posttransfection and filtered through a 0.45-m filter. L929 cells were plated in six-well plates at a density of 5 ϫ 10 5 cells/well. One round of retroviral infection was performed by replacing medium with 2 ml pDisrup virus (containing 4 g Polybrene/ml), followed by centrifugation of the six-well plates at 2,500 rpm for 30 min at 32°C.
3Ј-Rapid amplification of cDNA ends. The portion of the endogenous gene that was fused with the neo gene was amplified by the 3Ј-rapid amplification of cDNA ends (RACE) technique, as described previously (24) .
Western blot analysis. Cell lysates were prepared as described and subjected to SDS-PAGE, followed by standard Western blotting procedures. For analysis of Akt, the blots were probed with antiphospho-Akt or anti-Akt (1:1,000; Cell Signaling Technology), followed by horseradish peroxidase-conjugated anti-rabbit IgG (1:10,000; Bio-Rad). For analysis of GSK-3␤ phosphorylation, 0.5 mg lysate was immunoprecipitated by using 1 g anti-GSK-3␤ (Transduction Laboratory) and probed with anti-phospho-GSK-3␤ (1:1,000; Cell Signaling Technology) or anti-glycogen synthase kinase (GSK)-3␤ (1:2,500), followed by horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG, respectively. The probed protein was then visualized by the enhanced chemiluminescence system (Amersham).
Akt kinase assay. Akt kinase activity was measured using GSK-3 fusion protein as a substrate, as described previously (29) .
Cell viability assay using propidium iodide staining and forwardangle light scattering. The integrity of the plasma membrane was assessed by the ability of cells to exclude propidium iodide (PI; Sigma). Cells were trypsinized, collected by centrifugation, washed one time with PBS, and resuspended in PBS containing 1 g/ml PI. RT-PCR. cDNA was synthesized by a SuperScript preamplification system from total RNA extracted with Tri-Zol reagent (GIBCO-BRL). PCR was performed using forward and reverse primers synthesized according to published cDNA sequences of caveolin-1, -2, and -3, and products were electrophoresed on 2% agarose gels and stained by ethidium bromide.
Construction of plasmids that contained DNA templates for the synthesis of small interfering RNAs. We selected two 19-nt target sequences that were flanked in the mRNA with amino acid at the 5Ј-end to construct plasmids for the synthesis of small interfering RNA (siRNA) for caveolin-1. They were 5Ј-GGCCAGCTTCAC-CACCTTC-3Ј for pSUPER caveolin-1.1 and 5Ј-GCCCAACAA-CAAGGCCATG-3Ј for pSUPER caveolin-1.2. A control vector ). An antibody that recognizes caveolin-1␣ and -␤ was used in Western blotting analysis on membrane protein samples from Caveolin-1␣ mut and parental wild-type L929 cells. D: total RNA was prepared from Caveolin-1␣ mut and one other clonal cell line that had viral insertions in other loci. neo mRNA levels were analyzed by Northern blot using a 32 P-labeled double-stranded neo probe. A single neo fusion mRNA was detected in Caveolin-1␣ mut cells, as indicated by the triangle. *Transcripts driven by the 5Ј-long terminal repeat, which was detected in two lines by the neo probe because it contains the antisense sequence of neo.
(pSUPER Control) was constructed using a 19-nt sequence (5Ј-GCGCGCTTTGTAGGATTCG-3Ј) with no significant homology to any mammalian gene sequence and therefore serves as a nonsilencing control. The pSUPER RNAi System (Oligoengine) was used to construct plasmid for the synthesis of siRNA under the control of the H1 promoter.
Statistical analysis. Results are expressed as means Ϯ SE. Comparisons between groups were analyzed by t-test (2-sided) or ANOVA for experiments with more than two subgroups. A P value of Ͻ0.05 was considered significant.
RESULTS

Caveolin-1␣ was disrupted by pDisrup insertion.
We used retrovirus insertion-mediated mutagenesis in L929 fibroblasts coupled with TNF-␣ treatment to select TNF-␣-resistant cell lines that were generated by the mutagenesis. There is no poly(A) signal after the neo gene in this retroviral vector, but a splicing donor instead. Therefore, the neo gene was fused to the sequence of the exon that was at the 3Ј-end of the viral insertion site. The identities of the disrupted genes in various TNF-␣-resistant cell lines were determined by 3Ј-RACE of the fused neo mRNA.
Caveolin-1 is expressed in two isoforms, caveolin-1␣ and caveolin-1␤; the ␣-and ␤-isoforms start from methionine at positions 1 and 32, respectively. The gene disrupted in one of the TNF-␣-resistant cell lines was identified as caveolin-1␣. Caveolin-1 isoforms are encoded by distinct mRNAs (13) and the location at which pDisrup was inserted is indicated in Fig.  1A . A partial sequence of the fused gene product generated by retroviral insertion in this line (called Caveolin-1␣ mut ) is shown in Fig. 1B . Western blotting analysis using a monoclonal antibody that recognized caveolin-1␣ and -␤ (Clone-2297) showed that there was a reduction in caveolin-1␣ immunoreactivity in the Caveolin-1␣ mut cell line compared with parental L929 cells. No difference was observed in caveolin-1␤ immunoreactivity (Fig. 1C) . This is consistent with the prediction that the caveolin-1␣ protein level was reduced in Caveolin-1␣ mut cells.
Northern blot analysis using a neo probe indicated that there is a single viral insertion in the Caveolin-1␣ mut line (Fig. 1D ). The size of the neo-caveolin-1␣ fusion mRNA was consistent with the predicted length. Fig. 2, A and B, the parental cells and caveolin-1␣-reconstituted cells (expressing wild-type caveolin-1␣/␤) were highly sensitive to TNF-␣-induced cell death. In contrast, the Caveolin-1␣ mut and vectortransfected cell lines were significantly more resistant to TNF-␣-induced cytotoxicity than to the parental and reconstituted cell lines (P Ͻ 0.05, n ϭ 6). Thus the resistance to TNF-␣-induced cell death observed in the Caveolin-1␣ mut cell line is the result of the reduced level of caveolin-1␣ expression in these cells. Figure 2C shows that the cell death observed in L929 cells is necrosis. Although more than half of the cells are dead 16 h after TNF treatment, the percentage of TUNELpositive cells is low. Positive control is the result of the Jurkat cells treated with anti-Fas antibody for 8 h.
Disruption of caveolin-1␣ gene in L929 confers resistance to TNF-␣-induced cell death. As shown in
Caveolin-1␣ mut line is selectively resistant to some death stimuli. To establish whether Caveolin-1␣ mut is selectively resistant to different death triggers, we examined its sensitivity to several death stimuli. As shown in Fig. 3 , Caveolin-1␣ mut was resistant to TNF-␣-, H 2 O 2 -, and staurosporine-induced cell death. In contrast, Caveolin-1␣ mut was still sensitive to lonidamine-induced cell killing. The different sensitivities of Caveolin-1␣ mut cells to different death stimuli support the idea that there are multiple pathways for cell death and demonstrate that caveolin-1␣ mutation-mediated TNF-␣ resistance is not the result of a general promotion of cell survival but rather to an impairment of the death pathway used by TNF-␣. Fig. 4 ). When the samples were treated with TNF-␣ alone, parental and reconstituted cells had an average survival rate of Ͻ25%, whereas Caveolin-1␣ mut and vector-transfected Caveolin-1␣ mut cells had a survival rate of Ϸ50% (P Ͻ 0.05, n ϭ 4). Thus the survival rate in Caveolin-1␣ mut cells was nearly two times that in caveolin-1␣-normal cells. However, when the cells were treated with both LY-294002 and TNF-␣, the survival rates of caveolin-1␣-normal and caveolin-1␣-deficient lines were both Ϸ70%. Similar results were obtained with wortmannin as a PI3K inhibitor.
LY-294002 can abolish the differences in TNF-
TNF-␣-triggered activation of Akt in L929 and Caveolin-1␣ mut cells. Because the survival rates of caveolin-1␣-normal and caveolin-1␣-deficient lines were comparable after treatment with PI3K inhibitor and TNF-␣, we examined the Akt signaling pathway after these cell lines were exposed to TNF-␣. A significant activation of Akt was observed in parental L929 cells, whereas TNF-␣ caused slight time-dependent Akt activation in Caveolin-1␣ mut cells. We also evaluated the phosphorylation status of GSK-3␤, a known substrate of Akt. The phosphorylation of GSK-3 correlated directly with the Akt phosphorylation status, supporting the view that the Akt path- way is functionally active (Fig. 5A ). As shown in Fig. 5B , and consistent with the Akt phosphorylation levels shown in Fig.  5A , Akt kinase activity was significantly higher in parental L929 cells than in Caveolin-1␣ mut cells after treatment with TNF-␣. The levels of phosphate and tensin homolog (PTEN; which catalyzes the reverse reaction as PI3K, thereby leading to Akt dephosphorylation) were not affected by either TNF-␣ treatment or caveolin mutation (Fig. 5A) . It is thus unlikely that differences in PTEN expression play a significant role in the elevation of Akt phosphorylation induced by caveolin expression.
Effect of caveolin-1␣ gene deficiency on other signaling pathways. The effect of caveolin-1␣ deficiency was also tested on other signaling pathways, including Ras, extracellular signal-regulated kinase (ERK) 1/2, and NF-B. As shown in Fig.  6 and in agreement with previous reports, Ras and ERK phosphorylation was significantly enhanced in Caveolin-1␣ mut cells, whereas we observed no change in the activation of NF-B.
HepG2 cells that stably express caveolin-1␣/␤ are sensitive to TNF-␣-induced cell death.
To further elucidate the difference between the two isoforms, HepG2 cells, which do not express caveolins endogenously (9), were transfected with cDNA of either the ␣/␤-isoform or ␤-isoform of human caveolin-1, or empty vector. The lack of caveolins in HepG2 cells was confirmed by RT-PCR (Fig. 7A) and Western blotting (data not shown). HepG2 cells that had been stably transfected with caveolin-1␣/␤ were much more sensitive to TNF-␣ than either caveolin-1␤-transfected parental cells or parental cells transfected with an empty vector (P Ͻ 0.05, n ϭ 6; Fig. 7B ). However, when these cell lines were treated with both LY-294002 and TNF-␣, the survival rates of cells that stably expressed caveolin-1␣/␤ or -␤ or parental cells transfected with an empty vector became comparable (Fig. 7C) . We also examined the Akt signaling pathway after these cell lines were exposed to TNF-␣. A significant activation of Akt was observed in HepG2 cells that had been stably transfected with caveolin-1␣/␤, whereas TNF-␣ caused slight Akt activation in parental cells transfected caveolin-1␤ and parental cells transfected with an empty vector (Fig. 7D) .
siRNA inhibited the expression of caveolin-1 and the phosphorylation of Akt, which was accompanied by an increased survival rate for L929 after treatment with TNF-␣. We constructed two different plasmids to synthesize siRNAs for caveolin-1, pSUPER caveolin-1.1 and -1.2. As shown in Fig.  8A , pSUPER caveolin-1.2 gave a greater reduction of caveolin-1␣ protein expression than 1.1. pSUPER caveolin-1.2 also reduced the expression of caveolin-1␤ (data not shown). This reduction was observed from 24 to 48 h after pSUPER caveolin-1.2 transfection (Fig. 8B) . When L929 cells were transfected with these siRNAs and treated with TNF-␣, the L929 cells transiently transfected with pSUPER caveolin-1.2 had a greater survival rate than those transfected with pSUPER control. However, when the cells were treated with both mut cells were treated with TNF-␣ for the indicated times, and Western blot analysis was carried out to assess the levels of phosphorylated (p)-Akt, Akt, p-glycogen synthase kinase (GSK)-3␤, GSK-3␤, and phosphate and tensin homolog (PTEN). B: parental L929 and Caveolin-1␣ mut cells were harvested 1 h after TNF-␣ treatment, and Akt was immunoprecipitated from lysates with anti-Akt antibody. Akt kinase activity was assessed by using GSK-3 as a substrate.
LY-294002 and TNF-␣, the survival rates of L929 cells transfected with pSUPER caveolin-1.2 and those transfected with pSUPER control became comparable (Fig. 8C) . We examined the Akt signaling pathway after the cells were exposed to TNF-␣. A significant activation of Akt was observed in L929 cells transfected with pSUPER control, whereas TNF-␣ did not cause Akt activation in L929 cells transfected with pSUPER caveolin-1.2 (Fig. 8D) .
DISCUSSION
TNF-␣ is a proinflammatory cytokine that was originally identified and purified as a factor that leads to rapid hemorrhage necrosis of an established tumor (1). TNF-␣ can induce cell death in many different tumor cell lines (8) and is widely used to study the mechanisms of cell death (24) . In vitro studies have shown that TNF-␣ can induce apoptosis in one cell type but necrosis in others (2, 8, 30) , and the morphological characteristics of cells differ markedly among various TNF-treated cell lines. However, TNF-␣-induced necrosis and apoptosis share some common signaling events downstream of the TNF-␣ receptor, such as the recruitment of TNF-receptor 1-associated death domain protein, Fas-associated death domain protein, and other cytosolic effector proteins to the cytosolic domains of TNF-␣ receptors (8, 19, 32) .
Genetic mutation has been proven to be an efficient way to functionally identify genes in prokaryotes and lower eukaryotes. However, similar approaches in mammalian cells are not very successful, mostly because of the large and complex genome. In addition, the mutagens used in lower eukaryotes, which are usually chemicals or radiation, are not effective for genetic studies in mammalian cell cultures because of the difficulty of both controlling the mutation frequency and identifying the mutated gene (23) . It has long been known that retroviral insertion can be used to generate genomic mutations. Because such insertion does not appear to prefer any particular site, the random disruption of genes can be achieved by retroviral infection (11). Fig. 6 . Changes in Ras, extracellular signal-regulated kinase (ERK), and NF-B signaling pathways after L929 and Caveolin-1␣ mut cells were exposed to TNF-␣. Parental L929 and Caveolin-1␣ mut cells were treated with TNF-␣ for the indicated times, and Western blot analysis was carried out to assess the levels of p-Ras, Ras, pERK1/2, ERK1/2, pNF-B, and NF-B. Using random mutagenesis, we demonstrated here that disruption of the caveolin-1␣ gene produces resistance to TNF-␣-induced cell death in L929 cells. HepG2 cells that overexpressed caveolin-1␣/␤ were more sensitive to the effects of TNF-␣ than cells that overexpressed caveolin-1␤. We further demonstrated that a reduced activation of the PI3K/Akt pathway underlies the loss of sensitivity to TNF-␣-induced cell death in Caveolin-1␣ mut cells. The PI3K/Akt pathway was also more significantly activated in HepG2 cells that overexpressed caveolin-1␣/␤ than in cells that overexpressed caveolin-1␤.
Caveolin-1 is known to play an important role in regulating cell growth through its ability to modulate the activities of molecules involved in growth factor signaling. A large body of evidence suggests that caveolin-1, a putative tumor suppressor, interacts with and inactivates several signaling molecules along survival/proliferation pathways, such as epidermal growth factor receptor (5), platelet-derived growth factor receptor (34), Src (16), Raf (5), mitogen/extracellular signal-regulated kinase 1 (5, 10) , and ERK (5, 10) . The decision to survive and proliferate or to commit to apoptosis is determined by the net balance between anti-and proapoptotic signals that are linked in a tightly regulated manner. Therefore, these results imply that caveolin-1 expression may sensitize cells toward apoptosis.
The PI3K/Akt pathway is another important signaling pathway activated by growth factors that is critically involved in growth control and cell survival (3, 12, 33) . The influence of caveolin on the PI3K/Akt pathway is not well understood. However, PI3K has been localized in caveolae in fibroblasts, endothelial cells, and myeloid-derived cells (17, 18, 35) . This finding suggests that PI3K activity might be controlled by caveolin under certain conditions.
Multiple mechanisms can mediate the antiapoptotic effect of Akt, which has been studied intensively. Recently, Akt has been shown to phosphorylate the proapoptotic protein Bad, thereby inhibiting its proapoptotic function, which may account for the antiapoptotic effect of Akt (20) . Therefore, we hypothesized that caveolin disruption would lead to the en- The downstream targets responsible for Akt's death-promoting effects remain to be identified. Recently, Nemoto and Finkel (22) demonstrated that forkhead transcription factor plays an important role in scavenging reactive oxygen species and increases resistance to oxidative stress. Elevated Akt activity would be expected to result in increased forkhead phosphorylation and reduced forkhead activity. Therefore, Fig. 9 . Proposed model of the TNF-mediated cell death signaling pathway. In the model, elevated Akt activity results in increased forkhead phophorylation and reduced forkhead activity. Caveolin-1␣ deficiency may affect caveolar formation and inhibit this signaling pathway. PI3K, phosphoinositide 3-kinase; FKHR, forkhead transcription factor. forkhead transcription factors are plausible candidates for these targets.
Caveolin-1 is expressed in two isoforms, caveolin-1␣ and caveolin-1␤. The ␣-and ␤-isoforms of caveolin-1 have been reported to show distinct, but overlapping, distributions (27) ; however, no detailed study concerning their morphological and functional diversity has been performed. Recently, the morphological potentials of the two isoforms in mammalian cells were examined (9) . Freeze-fracture immunoelectron microscopy of human fibroblasts suggested that the ␣-to-␤ ratio in deep caveolae was higher than that in shallow ones. Their results obtained with HepG2 cells expressing different isoforms agree with those in human fibroblasts in that the ␣-isoform was more efficient than the ␤-isoform at forming caveolae. Therefore, it is possible that caveolar formation is necessary for activation of the PI3K/Akt pathway and the promotion of cell death. There may also be some functional difference between deep and shallow caveolae. It is also possible that deep caveolae may activate the PI3K/Akt pathway more efficiently than shallow caveolae because deep caveolae could store some molecules in the lumen or could form an efficient structure for signal transduction. However, the detailed molecular mechanism about caveolar formation is still unknown. Moreover, there may be some counterpart molecules that interact with caveolin-1␣ and/or caveolin-1␤. The existence of this kind of molecules, which may change caveolar formation or interact with the PI3K/Akt pathway, can affect the sensitivity to TNF-␣-induced cell death. Our current hypothesis about this signaling pathway is indicated in Fig. 9 .
To study more directly whether caveolin-1 is required for TNF-␣-induced cell death, we suppressed its expression by RNA interference. We constructed two different plasmids for the synthesis of siRNAs for caveolin-1: pSUPER caveolin-1.1 and -1.2. Our pSUPER caveolin-1.2 significantly reduced the expression of caveolin-1, inhibited the phosphorylation of Akt, and prevented TNF-␣-induced cell death in wild-type L929. Because we could not select a specific site for the reduction of caveolin-1 isoforms, the functional diversity of each isoform could not be detected by this method.
Interestingly, Caveolin-1␣ mut is selectively resistant to different death triggers. The selective resistance of Caveolin-1␣ mut cells to certain death stimuli, but not to others, further supports the idea that caveolin-1␣ mutation-mediated TNF-␣ resistance does not result from a generalized deleterious effect of cellular physiology but rather from a specific defect in a cell death pathway used by TNF-␣.
Caveolin-1 mutant mice showed profound dysfunction of the vascular system and pronounced thickening of lung alveolar septa caused by an uncontrolled proliferation of cells (4) . The abnormal septa showed immunostaining for Flk1, a marker of nondifferentiated endothelial and hematopoietic progenitors (4) . The uncontrolled hyperpromotion of angioblastic cells implies that caveolin-1 may play a role in development and may be caused, at least in part, by some impairment of the cell death process.
